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Abstract
A general deﬁnition for ideal complex permittivity in a liquid mixture was reached by considering a
thermodynamically ideal mixture under the eﬀect of an applied harmonic electric ﬁeld. The resulting
deﬁnition is independent of any particular dielectric model, as well as the polarity of the components.
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1.

Introduction

In general, at low frequencies, works reported in the literature on dielectric properties of liquid solutions
use diﬀerent deﬁnitions for the ideal dielectric constant ε of a mixture [1–11]. On the other hand, no deﬁnition
for the ideal frequency-dependent dielectric constant ε and the ideal frequency-dependent loss factor ε of a
mixture has been found in the literature.
To overcome the ﬁrst deﬁciency, in a previous work [12], a general deﬁnition for the static ideal dielectric
behavior of a liquid mixture has been reached considering the change in the Gibbs energy when a low frequency
electric ﬁeld (< 10 −6 s −1 , upper limit of the so called static permittivity) is applied to both the pure compounds
and the solution. Recently, using a molecular formalism [13], it was shown that, in the deﬁnition of the ideal
dielectric permittivity, the pure components should be weighted by their volume fractions. However, in both
cases, the treatments used to obtain the ideal behavior of a mixture were developed only for a single low
frequency, without studying the inﬂuence of changes in the frequency of the applied electric ﬁeld.
In order to study in detail the structure and dynamics of a mixture in both the static and dynamic
regions, it seems necessary to extend the deﬁnition of ideal deﬁnition to frequencies varying between 10 6 s −1
and 10 16 s −1 . Therefore, the main content of this paper is an attempt to ﬁnd a general deﬁnition for the ideal
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dielectric behavior of a liquid mixture that can be used for frequencies less than 10 −16 s −1 . This deﬁnition
was developed in this work, as in the static case, by considering the change in the Gibbs energy, but now by
applying a harmonic electrical ﬁeld to both the pure components and their solution.

2.

Discussion

A homogeneous binary liquid mixture can be assumed to contain NA moles of component A and NB
moles of component B . If this system is taken to be a special case of a thermodynamically ideal solution, the
change in Gibbs energy at constant temperature and pressure that result when the components are mixed, is
described by the equation
ΔG = GF − GI

= NA [μ∗A + RT ln XA ] + NB [μ∗B + RT ln XB ] − NA μ∗A − NB μ∗B
= N RT [XA ln XA + XB ln XB ]

(1)

wherein μ∗I is the chemical potential of the I th component (I = A, B) in the pure state, N is the total amount
of moles in the liquid (N = NA + NB ), XI is the mole fraction of the I th component, R is the gas constant
and T is the absolute temperature.
If now this same mixture is placed inside a condenser with a harmonic potential diﬀerence applied between
its plates, there exists a macroscopic electrical ﬁeld of intensity Eo cos(ω t ). As a result, there is an amount
of electrical work that has to be taken into account in the Gibbs energy of both the pure components and the
solution.
If the real and imaginary parts of the permittivity of the pure components and the mixture are εA (ω),
εB (ω) , εA (ω) , εB (ω) , εM (ω) and εM (ω) , respectively, the initial and ﬁnal Gibbs energies can be written as
GI = NA μ∗A + WA + NB μ∗B + WB

(2)

GF = NA [μ∗A + RT ln XA ] + NB [μ∗B + RT ln XB ] + WM

(3)

wherein WI (I = A, B , M ) is the electrical work that can be calculated as [14]

WI =

VI E02
4π



εI



cos(ωt)d (cos(ωt)) + εI




cos(ωt)d (sin(ωt)) ,

(4)

and where VI are the volumes occupied, respectively, by the mixture and components.
The total amount of work done on the dielectric during each quarter of cycle is

[WI ]1/4 =




VI E02 
VI E02 
εI ±
εI .
16
8π

(5)

Here, the (+) is applied during the 2 nd and 4 th quarters and the (–) is applied during the 1 st and 3 rd quarters.
Although the ﬁrst term on the right hand side of the equation (5), that is the dissipated energy, is the
only one that is non-zero in a cycle, the second term on the right hand side can acquire relevance if we consider
the total work in periods that are diﬀerent from one cycle. Then, this term could be non-zero per unit of time
 
if this unit is not an integer number of half period ωπ .
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On the other hand, the second term acquires importance at suﬃciently low frequencies so that the


V E2
electrical work reduces to I8π 0 εI , that is the work necessary to maintain the dielectric medium polarization.
Now, from equations (2) to (5), the change in Gibbs energy at constant temperature and pressure during
each quarter of cycle can be written as
ΔGM =

N RT [XA ln XA + XB ln XB ] + [εM VM − εA VA − εB VB ]
 2
E
± [εM VM − εA VA − εB VB ] 8π0



E02
16


(6)

wherein the last two terms on the right hand side indicate the diﬀerence in electrical work between the mixture
and its components. On the other hand, the ﬁrst term describes the behavior of a thermodynamically ideal
mixture in the absence of an applied electrical ﬁeld.
With equation (6) it is now possible to calculate the changes in entropy ΔS M , enthalpy ΔH M and
volume ΔV M that originate when mixing is performed while keeping ω constant. This leads to the following
relations:
ΔS M =

∂ΔGM
= −N R [XA ln XA
∂T
 2  ∂ Pε V −ε V −ε V
[ M M A A B B]
E
± 8π0
∂T

−

ΔH M =

− T2

∂ (ΔGM /T )
∂T

=−



+ XB ln XB ] −

T 2 E02
16

P


∂ [ε
M VM −εA VA −εB VB ]
∂T

+ [1/T ]
 2 2
T E
± 8π 0
+
ΔV M =

∂ΔGM
∂P

1
T

T

∂[1/T ]
∂T



∂[1/T ]
∂T



E02
16

∂

[ε”M VM −ε”A VA −ε”B VB ]
∂T

(7)

[εM VM − εA VA − εB VB ]
(8)

[εM VM − εA VA − εB VB ]

∂ [εM VM −εA VA −εB VB ]
∂T

=



E02
16

∂

[εM VM −εA VA −εB VB ]
∂P

±



E02
8π

∂

[εM VM −εA VA −εB VB ]
∂P

.

(9)

Equations (6) to (9) can now be used as starting points to deﬁne the ideal behavior of a mixture under the
eﬀect of an applied harmonic electrical ﬁeld of low intensity.
Therefore, one possibility to deﬁne the ideal dielectric behavior of a mixture is to consider that there are
no diﬀerences between the electrical work done on the solution as a whole and the sum of the electrical work
done on its components over the whole range of composition and frequencies. There should also be no changes
with temperature and pressure. As a consequence of the above discussion, and considering that there are no
diﬀerences among each quarter of cycle, the ideal dielectric behavior exists under the following conditions:
εM VM − εA VA − εB VB |T ,P = 0

(10)

εM VM − εA VA − εB VB |T ,P = 0

(11)

∂ [εM VM − εA VA − εB VB ]
∂T

(12)

=0
P
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∂ [εM VM − εA VA − εB VB ]
∂T

P

∂ [εM VM − εA VA − εB VB ]
∂P

T

∂ [εM VM − εA VA − εB VB ]
∂P

T

=0

(13)

=0

(14)

= 0.

(15)

This means that under these stated conditions, in a mixture deﬁned as dielectrically ideal, there is no volume
change, there is no heat of mixing, and the change in entropy is entirely due to the spatial distribution of the
species present.
Since the volume occupied by the mixture is equal to the sum of the volumes of each of the components
(VM = VA + VB ), the real and imaginary parts of the permittivity of an ideal solution, at constant temperature
and pressure, are linear functions of the ideal volume fraction of any of the components. Thus we can write:
εMIDEAL = εA
εMIDEAL = εA





VA
VM

VA
VM





+ εB
+ εB





VB
VM

VB
VM





= εA Φ0A + εB Φ0B

(16)

= εA Φ0A + εB Φ0B ,

(17)

where Φ0A and Φ0B are the ideal volume fractions.
From equations (10) to (15) we see that if ω → 0 the equation (16) is that of ideal static permittivity,
and if ω → ∞ the case of ideal permittivity at high frequencies is obtained [12].
From this discussion it is evident that the relations deﬁning the ideal case result from a general treatment
and do not depend on the use of any speciﬁc model or on the polarity of the components in the mixture.
The above deﬁnitions (Equations (16) and (17)) can now be used to deﬁne an excess permittivity for the
real and imaginary parts of the complex permittivity. These excesses can be written as


εE = εMEXP − εA Φ0A + εB Φ0B

(18)



εE = εMEXP − εA Φ0A + εB Φ0B ,

(19)

wherein εMEXP and εMEXP are the experimental data of the mixture.
Finally, we can say that the excess permittivity for the real part of the complex permittivity at low
frequencies was studied and successfully explained for several mixtures using models developed to predict the
permittivity of mixtures [15, 16].

3.

Conclusions
Starting from thermodynamical considerations a deﬁnition was reached for ideal dielectrics in a mixture

over a wide range of frequencies (<10 6 s −1 up to 10 16 s −1 ). The resulting ideal permittivity is independent
of any particular dielectric model, as well as of the polarity of the components and the real and imaginary parts
of the permittivity are linear functions of the ideal volume fraction of any of the components.
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The proposed deﬁnition of an ‘ideal’ over the whole range of frequencies clariﬁes which kind of interactions
exist in mixtures where a change of sign appear in the excess permittivity when the ideal permittivity is
considered as a linear function of the volume fractions or a linear function of the mole fractions [4, 11].
Lastly, the use of this deﬁnition of ideal for all frequencies has the advantage of allowing comparison of
departures from the ideal and the dynamics of diﬀerent mixtures.
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